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Pyruvoyl-Dependent Arginine Decarboxylase
from Methanococcus jannaschii: Crystal Structures
of the Self-Cleaved and S53A Proenzyme Forms
though both enzymes use PLP as a cofactor. Recently,
a third unrelated arginine decarboxylase (PvlArgDC) was
cloned and characterized from the marine archaeon
Methanococcus jannaschii [4]. This archaeal enzyme
uses a pyruvoyl group, formed by protein self-cleavage
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as the cofactor. This enzyme is remarkably thermostable2 Department of Biochemistry
and retains 50% activity after heating for 30 min at 125C.Virginia Polytechnic Institute and State University
The M. jannaschii genome encodes no recognizableBlacksburg, Virginia 24061
PLP-dependent L-ornithine decarboxylase or PLP-
dependent L-arginine decarboxylase.
Pyruvoyl-dependent proteins include many nonho-
mologous enzymes that share a common reactionSummary
mechanism [5]. Besides the S-adenosylmethionine,
L-aspartate, and phosphatidylserine decarboxylases,The three-dimensional structure of pyruvoyl-depen-
which are widely distributed among organisms, a fewdent arginine decarboxylase from Methanococcus
bacteria have pyruvoyl-dependent histidine decarboxyl-jannaschii was determined at 1.4 A˚ resolution. The
ases [6]. Each of these proteins is translated as a proen-pyruvoyl group of arginine decarboxylase is generated
zyme ( chain) that undergoes an autocatalytic serino-by an autocatalytic internal serinolysis reaction at
lysis reaction to form two polypeptide chains [7]. BySer53 in the proenzyme resulting in two polypeptide
convention, the  chain represents the N-terminal frag-chains. The structure of the nonprocessing S53A mu-
ment and the  chain the larger, C-terminal fragment.tant was also determined. The active site of the pro-
The  chain terminates with a new carboxyl groupcessed enzyme unexpectedly contained the reaction
formed after cleavage and the  chain begins with theproduct agmatine. The crystal structure confirms that
pyruvoyl group. The autoprocessing reaction of histidinearginine decarboxylase is a homotrimer. The protomer
decarboxylase has been chemically studied and in-fold is a four-layer  sandwich with topology simi-
volves an N→O acyl shift [6, 7]. The ester intermediatelar to pyruvoyl-dependent histidine decarboxylase.
has been characterized structurally in aspartate [8] andHighly conserved residues Asn47, Ser52, Ser53, Ile54,
S-adenosylmethionine [9] decarboxylases. The decar-and Glu109 are proposed to play roles in the self-
boxylation reaction utilizes a Schiff base between theprocessing reaction. Agmatine binding residues in-
pyruvoyl group and the amino group of the substrate toclude the C terminus of the  chain (Ser52) from one
stabilize the-carbanion intermediate of the substrate inprotomer and the Asp35 side chain and the Gly44 and
a catalytic strategy that is similar to the PLP-dependentVal46 carbonyl oxygen atoms from an adjacent pro-
decarboxylases [6]. Although the pyruvoyl-dependenttomer. Glu109 is proposed to play a catalytic role in
S-adenosylmethionine, aspartate, phosphatidylserine,the decarboxylation reaction.
and histidine decarboxylase enzymes all self-cleave by
autocatalytic serinolysis and all facilitate a similar decar-
boxylation reaction, it is remarkable that they share little
Introduction
structural similarity.
The M. jannaschii PvlArgDC self-cleavage occurs be-
Polyamines are essential factors required by all organ-
tween two conserved serine residues (Ser52-Ser53). The
isms. Two of the most common polyamines, spermine
pyruvoyl group is derived from Ser53 and forms the N
and spermidine, are biosynthesized from putrescine and terminus of the 12.3 kDa  chain. The 5.3 kDa  chain
the aminopropyl group of decarboxylated S-adenosyl- consists of the first 52 amino acids of the proenzyme
methionine (AdoMet). Some cells produce putrescine with a new C terminus at Ser52 [4]. Size exclusion chro-
directly by decarboxylating ornithine. However, most matography measurements suggest that PvlArgDC has
microorganisms use a different pathway: L-arginine is an ()3 quaternary structure. Although PvlArgDC shows
decarboxylated to agmatine, which is converted to pu- no significant overall sequence similarity to other en-
trescine by agmatine ureohydrolase. Three different zymes, a short stretch of amino acids near the site of
classes of arginine decarboxylases have been identified. autoprocessing shows similarity to the site of pyruvoyl
The Escherichia coli AidA protein is an inducible, cata- formation of histidine decarboxylase (PvlHisDC)
bolic enzyme that belongs to the  family of pyridoxal from Lactobacillus 30a [7].
5-phosphate (PLP)-dependent enzymes [1, 2]. SpeA, In Lactobacillus cells, PvlHisDC functions to counter
also isolated from E. coli, is a PLP-dependent arginine the effects of acidic fermentation products. Cells take
decarboxylase that is involved in polyamine biosynthe- up histidine and decarboxylate it using PvlHisDC to con-
sis [3]. This enzyme belongs to the alanine racemase sume a proton and produce histamine, which the cells
family and has no sequence similarity to AidA, even excrete [10]. A similar role has been proposed for homo-
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Figure 1. Structure of the PvlArgDC Trimer
(A) One trimer of PvlArgDC.
(B) Trimer of PvlHisDC for comparison (PDB identifier 1PYA). The  chains are shown in yellow, the  chains are shown in red, and the
PvlHisDC insertions relative to PvlArgDC are shown in blue. For both enzymes, the pyruvoyl group for each protomer is shown as a ball-and-
stick model. The figure was generated with BOBSCRIPT [44, 45] and Raster3D [46].
logs of PvlArgDC identified in the genomes of intracellu- using wild-type PvlArgDC treated with arginine methyl
ester. This structure showed agmatine at all six activelar chlamydial parasites [4].
We have determined the X-ray crystal structure of M. sites, probably as the result of ester hydrolysis that oc-
curred during a heating step of the purification. Thisjannaschii PvlArgDC with bound product agmatine using
single-wavelength anomalous diffraction phasing meth- structure contains 955 residues, six agmatine mole-
cules, eight 2-methyl-2,4-pentanediol (MPD) molecules,ods. We have also determined the structure of the S53A
mutant, which, lacking the essential serine hydroxyl and 736 water molecules. The R factor is 0.192 and the
R free is 0.215 at 1.4 A˚ resolution. This structure willgroup, does not self-cleave. We show structural similari-
ties between trimeric PvlArgDC and trimeric PvlHisDC. be referred to as the PvlArgDC/agmatine complex. The
third structure was determined for the S53A mutant. TheThe structural basis for substrate specificity is demon-
strated and residues important for the autoprocessing final model contains 951 residues, eight MPD molecules,
and 498 water molecules. The R factor is 0.186 and theand decarboxylation reactions are proposed.
R free is 0.221 at 1.9 A˚ resolution. In general, the N-terminal
regions are better defined for ()3 trimer 1 than forResults
trimer 2, probably due to crystal packing differences
between the trimers.PvlArgDC Structure
The structure of PvlArgDC shows two crystallographi- Each PvlArgDC protomer consists of a four-layer
 sandwich (Figure 2). The first  sheet has fivecally independent ()3 trimers. The core of each trimer
is similar to that seen for Lactobacillus sp. 30a PvlHisDC strands with topology 2↑4↑8↓1↑3↑. Strands 1 and 2 come
from the  chain and strands 3, 4, and 8 come from the(Figure 1) [11–13]. Unlike PvlHisDC, for which loosely
packed hexamers have been observed [12, 14], the  chain. The second  sheet has three strands with
topology 6↑5↓7↑. All three strands come from the  chain.PvlArgDC trimers are involved only in crystal contacts
and no hexamer is possible. The PvlArgDC protomer There are two crossover connections between the 
sheets at  strands 4 and 5 and at  strands 7 and 8.consists of a  chain (residues 1–52) and  chain (resi-
dues 53–165). A total of three crystal structures were The first sheet is flanked by helix 1 from the  chain
and the second sheet is flanked by helix 2 from the determined. The first structure was labeled with seleno-
methionine (SeMet) for phasing and unexpectedly chain. The topology of the PvlArgDC protomer is similar
to that of the PvlHisDC protomer [12, 15] but differentshowed the product agmatine bound at five of the possi-
ble six active sites. The final model contains 957 resi- from that of the human S-adenosylmethionine decar-
boxylase (AdoMetDC) protomer [16], which also formsdues, five agmatine molecules, and 454 water mole-
cules. The R factor is 0.190 and the R free is 0.229 at a four-layer  sandwich but has only one crossover
between the two  sheets. In some of the six subunits,2.1 A˚ resolution. The second structure was determined
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added during purification or crystallization) and in all six
active sites for PvlArgDC/agmatine complex. Agmatine
displays product inhibition [4] and probably remained
bound during the purification. Each active site is pointed
inward toward the 3-fold axis of the trimer and at the
interface between two protomers (Figure 3). The agma-
tine amino group is located near the pyruvoyl group,
consistent with it forming a Schiff base prior to decar-
boxylation of arginine. The torsion angles of the agmat-
ine molecule are in the extended conformation except
for the C-C torsion angle, which is in a gauche confor-
mation. The guanidinium group of the agmatine forms
two hydrogen bonds with the carboxylate group of Ser52
(C terminus of the  chain) of one protomer and one
hydrogen bond each with the carbonyl oxygen atoms
of Gly44 and Val46 and the carboxylate group of Asp35
from the  chain of an adjacent subunit. The predicted
position of the carboxylate group of L-arginine is in a
pocket surrounded by the carboxylate side chain of
Glu109 from one protomer and the hydrophobic side
chains of Leu31 and Phe34 from an adjacent protomer.
Structure of the S53A Proenzyme Analog
The S53A mutant lacks the serine residue required for
autoprocessing and remains in the uncleaved form. The
overall structure of S53A PvlArgDC is similar to that of
the processed enzyme with two important differences.Figure 2. Ribbon Diagram of the PvlArgDC Protomer
First, electron density for the peptide bond joining Ser52Secondary structural elements are labeled sequentially 0–2 and
and Ser53 is clearly visible in the 8 residue loop (51–58)1–8 based on their positions in the proenzyme sequence. The 
chain (residues 1–52) is shown in yellow and the  chain (residues joining 2 and 3. This loop is generally in an extended
53–165) is shown in red. The pyruvoyl group and agmatine product conformation except for residue Ser52, which is in an
are shown as ball-and-stick models. The figure was generated with -helical conformation, and Ala53, which is approxi-
BOBSCRIPT [44, 45] and Raster3D [46].
mately in a left-handed helical conformation. Glu58 is
also in a strained conformation; however, both strained
residues are in the additionally allowed regions of thea short extra  helix was present at the N terminus
Ramachandran plot [17]. Second, because the S53A(0). This region was variable and did not follow the
mutant is catalytically inactive, the agmatine moleculenoncrystallographic symmetry of the overall trimers.
that copurified with the wild-type PvlArgDC is missing.Protomer/protomer interactions occur primarily be-
The rms difference between the wild-type PvlArgDC andtween the 0-1 loop, 1, the 1-2 loop, and 2 of one
the S53A mutant is 0.4 A˚ for C positions, with theprotomer and 3, 4, and 8 of the adjacent protomer.
largest difference of 1.4 A˚ for Ser52.The PvlArgDC trimer resembles the PvlHisDC trimer [12,
13]. The pyruvoyl group is located near the interface
between protomers. Discussion
Comparison to PvlHisDCPvlArgDC Active Site
The product agmatine was found in five of six active sites PvlArgDC has no significant sequence similarity to any
previously characterized protein in sequence data-for the SeMet-labeled protein (no substrate or product
Figure 3. Stereo View of the Active Site of
PvlArgDC
The product agamatine and key residues are
shown as ball-and-stick models. Electron
density is shown for the agmatine molecule
and the pyruvoyl group. Key hydrogen bonds
between agmatine and the protein are shown
as dashed lines and the donor-acceptor dis-
tances are labeled. The figure was generated
with BOBSCRIPT [44, 45] and Raster3D [46].
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Figure 4. Comparison of the Protomer Structures for PvlArgDC and PvlHisDC
(A) Topology diagram for PvlArgDC.
(B) Topology diagram for PvlHisDC. In each part, the secondary structural elements are labeled and the first and last residues for each
secondary structural element are numbered. The color coding is consistent with that of Figure 1. The  chains are shown in yellow, the 
chains are shown in red, and the PvlHisDC insertions relative to PvlArgDC are shown in blue. The secondary structural assignments were
determined using PROCHECK [17].
bases. Nevertheless, it contains a region of 23 amino chains of one protomer and the  chain of the adjacent
protomer). In this structure, the -pyruvoyl group thatacids that is similar (nine of these are identical) to the
cleavage site of the PvlHisDC from Lactobacillus sp. 30a forms a Schiff base with L-histidine and the carboxylate
groups from -Ser81 and -Asp63 all form hydrogen[18]. Consequently, the suggestion that these enzymes
might be homologs was proposed based on limited se- bonds with the imidazolium ring of histidine [15]. Simi-
larly, PvlArgDC forms hydrogen bonds with the guanidi-quence conservation of key residues [4]. The crystal
structure of PvlHisDC has been determined at both neu- nium group of arginine using the homologous -Ser52
and -Asp35 carboxylate groups (Figure 5). However,tral and acidic pH with the histidine methyl ester sub-
strate analog [13, 15, 19]. A comparison of PvlArgDC the larger side chain of the arginine substrate accommo-
dates two additional hydrogen bonds not observed inand PvlHisDC shows a similar core topology (Figure 4).
In each case, the processed () protomer has an  PvlHisDC: backbone carbonyl oxygens from -Gly44
and -Val46 interact with the primary amines of thefour-layer sandwich fold formed by two mostly antiparal-
lel  sheets with flanking  helices. The main differences guanidinium group. In PvlHisDC, Ile59 and Tyr62 form a
hydrophobic lid on the active site [20]. The homologousare the result of several insertions in PvlHisDC relative
to PvlArgDC accounting for about 130 additional amino residues in PvlArgDC, -Leu31 and -Phe34, along
with-Leu38, appear to have the same function. Glu197acid residues. The insertions occur relative to PvlArgDC
at the N terminus (one  helix and two  strands), be- in PvlHisDC has been proposed to act as a general acid,
protonating the decarboxylated reaction intermediatetween 2 and 3 (one  strand), between 3 and 4
(one  helix and three  strands), and at the C terminus [21]. The corresponding residue in PvlArgDC, -Glu109,
also forms a hydrogen bond with the -amino group of(two  helices).
The PvlHisDC trimers contain three active sites, each the agmatine product.
In crystals of PvlHisDC, ()6 hexamers are formed bycomprised of residues from two protomers ( and 
Figure 5. Superposition of the Active Sites of
PvlArgDC and PvlHisDC
The upper label is for PvlArgDC and the lower
label is for PvlHisDC (PDB identifier 1IBV).
The PvlArgDC product agmatine and the
methyl ester of histidine are shown in blue.
Identical residues are shown in red and simi-
lar residues are shown in green. Residue
numbers with primes belong to the adjacent
protomer. The figure was generated with
BOBSCRIPT [44, 45] and Raster3D [46].
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Figure 6. Comparison of Site of Autoprocessing for the S53A
PvlArgDC (Proenzyme Form) and Wild-Type Processed PvlArgDC
(A) Wild-type PvlArgDC with pyruvoyl group.
Figure 7. Active Site of PvlArgDC(B) Uncleaved S53A mutant PvlArgDC. The figure was generated
Residues involved in arginine substrate binding are shown withwith BOBSCRIPT [44, 45] and Raster3D [46].
hydrogen bonds indicated by dashed lines. Glu109 is proposed
to be important for both the autoprocessing and decarboxylation
reactions.
face to face packing of ()3 trimers. Despite its smaller
size, the trimer of PvlArgDC superimposes closely with
one trimeric layer of PvlHisDC. The structural compari- droalanine at position 53. The only obvious candidate
son gives an rms deviation of 1.4 A˚ for 127 C positions residue for either step is Glu109, which also shows con-
within the core. formational flexibility in the crystal structures. In
PvlHisDC is used as a means of raising extracellular PvlHisDC, substitutions in the analogous Glu197 residue
pH through the import of histidine and export of decar- produce enzymes with much slower rates of autoactiva-
boxylated histidine in Lactobacillus sp. 30a. Appropri- tion than wild-type enzyme [21]. Asn47 is particularly
ately, pH regulates PvlHisDC activity. At acidic pH, an intriguing because it is one of only 3 residues absolutely
ion pair between protonated -Asp198 and -Asp53 conserved in the all of the known sequences of both
side chains positions the 2 helix to facilitate histidine PvlArgDC and PvlHisDC. The other 2 residues are Ser53
binding and catalysis with standard hyperbolic kinetics; and Gly70. The side chain of Asn47 donates hydrogen
at neutral pH, the helix is disordered and the enzyme has bonds to the carbonyl groups of Gly70 and Ile54. Ile54
cooperative kinetics [13]. In contrast, the M. jannaschii is conserved throughout the PvlArgDC sequences and
PvlArgDC enzyme is less responsive to pH changes: it corresponds to phenylalanine in the PvlHisDC se-
exhibits standard kinetics at both acidic and neutral pH quences. The side chain of Asn47 accepts hydrogen
[4]. The shorter 1 helix of PvlArgDC that corresponds bonds from Ser52 and the main chain amides of Ser53
to the PvlHisDC 2 helix forms no equivalent regulatory and Ile54. Therefore, it is likely that Asn47 plays a role
ion pair. However, one of the PvlArgDC substrate bind- in stabilizing the structure and orienting key residues in
ing residues (-Asp35) does form a hydrogen bond with the proenzyme forms of both PvlArgDC and PvlHisDC.
-Arg134 that may stabilize the protein in similar
manner. Mechanism of Decarboxylation
The reaction mechanism of PvlArgDC is assumed to be
similar to one proposed for PvlHisDC [22]. In thisMechanism of Pyruvoyl Group Formation
Pyruvoyl group formation occurs through an N→O acyl scheme, the amino acid substrate reacts with the pyru-
voyl carbonyl to form an iminium ion. This protonatedshift in which the side chain of Ser53 undergoes nucleo-
philic attack at the carbonyl carbon atom of Ser52, re- Schiff base promotes decarboxylation by stabilizing the
-carbanion intermediate through a resonance networksulting in an oxyoxazolidine intermediate [5]. In the pro-
posed model, rearrangement to the ester followed by [15]. After the release of CO2, the -carbon is reproto-
nated on the Re face, with retention of configuration [23]. elimination results in a C terminus at Ser52 and a
dehydroalanine at position 53. Hydrolysis of dehydro- Hydrolysis of the Schiff base regenerates the pyruvoyl
group and releases the product. Combined with thealanine eliminates NH3 and generates the pyruvoyl group
at the N terminus of the  chain. Formation of the oxyox- previous observation that agmatine product inhibits
PvlArgDC, the presence of noncovalently bound agma-azolidine intermediate would be assisted by a base to
deprotonate the hydroxyl group of Ser53 and an acid tine in the crystals suggests that product release from
this enzyme is slow and could contribute to the protein’sto protonate the carbonyl oxygen atom of Ser52. Exami-
nation of the S53A proenzyme shows that the hydroxyl remarkable thermostability [4]. In addition to the requi-
site pyruvoyl moiety, a number of amino acids that aregroup of Ser53 would be positioned to attack the Si face
of the carbonyl carbon atom of Ser52 (Figure 6). It also conserved in PvlArgDC homologs play important roles
in substrate binding (Figure 7). As described above, theappears that the hydroxyl group of Ser52 would be in
position to stabilize the oxyoxazolidine anion intermedi- arginine guanidinium group forms hydrogen bonds with
-Ser52 and -Asp35 carboxylate groups as well asate by donating a hydrogen bond to the exocyclic oxy-
gen atom. An acid is required to form the amino group with the backbone carbonyl oxygens from -Gly44 and
-Val46. Three hydrophobic residues,-Leu31,-Phe34,required for formation of the ester intermediate and a
base is required for the  elimination leading to dehy- and -Leu38, form hydrophobic interactions with the
Structure
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Figure 8. Comparison of the Structures of PvlArgDC and the Pyruvoyl-Dependent Decarboxylases AdoMetDC and AspDC
The coordinates for AdoMetDC are taken from PDB identifier 1JEN and for AspDC from PDB identifier 1AW8. The  chains are shown in
yellow, and the  chains are shown in red. Each  chain and  chain is labeled with the corresponding residues numbers. The pyruvoyl group
for each enzyme is shown as a ball-and-stick model. The three structures are oriented so that the pyruvoyl group is similar for each enzyme.
The figure was generated with BOBSCRIPT [44, 45] and Raster3D [46].
arginine side chain in the active site. Several other [11, 21]. It is interesting to note that the pyruvoyl group
always forms in the N-terminal third of the proenzyme.PvlArgDC active site residues contribute to arginine de-
carboxylation, either by protecting the Schiff base inter- In PvlArgDC, the attacking serine residue is at position
52 out of 165, in HisPvlDC at position 82 out of 310, inmediate against nonspecific protonation or by specifi-
cally protonating the Schiff base at the -carbon. Four human AdoMetDC at position 68 out of 334, and in
AspDC at position 25 out of 126. Thus, strain in thehydrophobic residues, -Ile51, -Ile54, -Leu106, and
-Ile107, appear to protect the pyruvoyl group from pro- scissile peptide bond may not be present until the proen-
zyme is completely folded, at which time the free energytonation that could lead to a suicide transamination re-
action. Unfavorable interactions between the substrate of folding for the whole proenzyme can be utilized to
create strain at the cleavage site. Despite having similarcarboxylate and the hydrophobic side chain of -Leu31
may also promote decarboxylation [23]. If PvlArgDC also serinolysis reaction intermediates, the specific struc-
tural details of the PvlArgDC, AdoMetDC, and AspDCprotonates the -carbon Schiff base with retention of
configuration, then a general acid is required, most likely autoprocessing reactions are considerably different,
with only the serine residue that becomes the pyruvoyl-Glu109.
group being conserved.
Comparison with Other Pyruvoyl-Dependent
Decarboxylases Biological Implications
The structures of two additional pyruvoyl-dependent de-
carboxylases, AdoMetDC [16, 24] and aspartate decar- The hyperthermophile Methanococcus jannaschii syn-
thesizes putrescine (1,4-diaminobutane) from L-arginineboxylase (AspDC) [8], have also been determined by
X-ray crystallography (Figure 8). AdoMetDC from mam- by first decarboxylating L-arginine to produce agmatine,
and then hydrolyzing agmatine to form both putrescinemals is a dimer [16] while the enzyme from plants is a
monomer [24]. The structure of AspDC is a tetramer. and urea as a byproduct. The two enzymes responsible
for this process are arginine decarboxylase and agma-Although the monomers show little structural similarity,
a few common features can be noted. Each protomer tine ureohydrolase [4]. Putrescine is the starting point for
the synthesis of other polyamines including spermidinecontains a  sandwich at the core of the fold. The pyru-
voyl group is generated in a loop between two  strands; and spermine. Polyamines serve as general organic
counterions but have also been implicated in a numberhowever in AdoMetDC, the strands are from the same
 sheet while in PvlArgDC, PvlHisDC, and AspDC, the of important cellular functions such as the posttransla-
tional modification of a lysine residue by spermidine instrands are in different  sheets. In each case, the pro-
cessing site appears to be rigidly held in the proenzyme, translation initiation factor 5A [25]. Many organisms can
produce putrescine from either L-ornithine or L-arginine,thus enforcing the geometry required for autoprocess-
ing. The proposed contributions from residues in adja- but M. jannaschii lacks a pyridoxal PLP-dependent
L-ornithine decarboxylase gene or any other ornithinecent protomers to the cleavage reaction and the detri-
mental effects of mutations in PvlHisDC residues far decarboxylase activity. Members of the domain Ar-
chaea, including M. jannaschii, have not only the pyru-from the site of cleavage are consistent with the idea
that strain may be involved in pyruvoyl group formation voyl-dependent arginine decarboxylase described here,
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5 mg of lysozyme per L of expression culture. Cells were sonicatedbut also have divergent S-adenosylmethionine synthe-
on ice and the cellular debris was pelleted by centrifugation attase [26] and S-adenosylmethionine decarboxylase pro-
17,500  g for 30 min. The supernatant was removed and incubatedteins [27, 28], the other main regulatory enzymes in poly-
with Talon metal affinity resin (Clontech) that had been preequili-
amine biosynthesis. brated with wash buffer (5 mM imidazole, 10 mM Tris-HCl [pH 8.0],
The role of PvlHisDC Lactobacillus 30a differs from 445 mM sodium chloride, and 1 mM ME). After 30 min incubation,
the resin was poured into a small column and washed with five tothat of PvlArgDC. Lactobacilli produce lactic acid
ten column volumes of wash buffer. PvlArgDC was eluted from thethrough metabolism that can reduce the pH of the sur-
column with 200 mM imidazole, 10 mM Tris-HCl (pH 8.0), 250 mMrounding media to approximately 4 before metabolism
sodium chloride, and 1 mM ME. PvlArgDC-containing fractionsstops. In the presence of histidine, histamine is excreted
were identified by sodium dodecylsulfate polyacrylamide gel elec-
to counter the lowering of pH. It has been suggested that trophoresis (SDS-PAGE). The enzyme was concentrated and the
Chlamydia spp., which encode homologs of PvlArgDC, buffer exchanged for 10 mM Tris-HCl (pH 7.5), 250 mM sodium
chloride, 1 mM CaCl2, and 1 mM dithiothreitol (DTT) with Microconcould take up arginine and export agmatine in a similar
(Millipore) centrifugal concentrators. Enterokinase (EKMax from In-mechanism. Such a system would raise extracellular
vitrogen; 20 units per L of starting culture) was added to concen-pH, deplete the host cell’s arginine pool, and introduce
trated PvlArgDC and the mixture was allowed to incubate at 4Cagmatine into the environment. Agmatine is an inhibitor
until the cleavage of the histidine tag was complete. Enterokinase
of nitric oxide synthase and a suppressor of apoptosis cleaved the enzyme at the -DDDDK- enterokinase recognition site,
[29, 30], so its production would be advantageous for removing the histidine tag used for purification. The reaction was
monitored by the observed molecular weight change on SDS-PAGE.an intracellular bacterial parasite. Because the archaeal
Upon completion of the cleavage reaction, the sample was incu-PvlArgDC homologs have minimal sequence similarity
bated for 20 min at 65C, and then transferred to ice and incubatedto any other pyruvoyl-dependent enzyme, knowledge of
for an additional 10 min. Denatured protein was removed by centrifu-this enzyme’s structure and mechanism will help us to
gation at 17,000  g for 10 min. It was then concentrated and the
unravel the evolution of polyamine biosynthesis and the buffer exchanged for 50 mM Tris-HCl (pH 8.5), 250 mM NaCl, and
origin of the enzyme’s decarboxylase activity and 1 mM DTT in Amicon Microcon centrifugal concentrators. Concen-
tration by this method had the additional benefit of removing freeunusual self-cleavage. Knowledge of this enzyme’s
histidine tag from the sample. Purified enzyme was stored at 4Cstructure and mechanism will help us to unravel the
until used for crystallization trials.evolutionary origin of its decarboxylase activity and un-
An S53A variant of PvlArgDC was constructed using a Quik-usual self-cleavage. To determine the relationship be-
Change site-directed mutagenesis kit (Stratagene) with template
tween pyruvoyl-dependent arginine and histidine decar- pMJ0316-His. Oligonucleotide primers were synthesized by In-
boxylases, we solved the structure of M. jannaschii vitrogen: S53A-Fwd (5-GTCAATTTAATTAGAATCAGCGCTATAAT
GCCTCCAGAAGCTG-3) and S53A-Rev (5-CAGCTTCTGGAGGPvlArgDC fortuitously bound to its reaction product, ag-
CATTATAGCGCTGATTCTAATTAAATTGAC-3). DNA sequences werematine. Despite the lack of sequence similarity outside
confirmed by dye terminator sequencing at the University of Iowaof the protein cleavage site and their different sizes,
DNA facility.PvlArgDC and PvlHisDC have homologous four-layer
 sandwich folds and similar active site geometries.
Activity AssayThe PvlArgDC structure reveals how the active site ac-
Activity was assayed by incubation of enzyme with 10 mM L-argininecommodates the much longer arginine side chain and
in 50 mM Mes-NaOH (pH 6.5) for 20 min at 70C in a volume of 50shows how the () subunits interact to form a highly
	l. Two microliters of reaction product was spotted on a silica gel
stable ()3 complex without the pH regulation of thin layer chromatography plate and developed in acetonitrile:wa-
PvlHisDC. ter:formic acid (40:10:5). Agmatine product and remaining arginine
substrate were visualized on dried plates by spraying with ninhydrin
reagent (0.2% w/v in ethanol) and then briefly heating. In this system,
Experimental Procedures L-arginine has an Rf 
 0.28 and agmatine an Rf 
 0.37 [4].
Protein Expression and Purification
Plasmid pMJ0316-His, which contains the M. jannaschii arginine Crystallization
Crystals of SeMet PvlArgDC, the PvlArgDC/agmatine complex, anddecarboxylase gene cloned into plasmid pET19b (Novagen), was
transformed into Escherichia coli BL21-Codon-Plus(DE3)-RIL cells the S53A mutant were grown by the hanging drop method using
equal volumes of well and protein solution. VDX crystallization plates(Stratagene) as described previously [4]. For SeMet incorporation,
both pMJ0316-His and pRIL (Stratagene), a tRNA-encoding plasmid, (Hampton Research) were used as wells, and round 22 mm glass
coverslips siliconized with Sigmacote (Sigma Chemicals) were usedwere transformed into the E. coli Met BL834(DE3) strain (Novagen).
Overnight cultures were grown in M9 minimal media [31] supple- to suspend the drop. Wells were sealed with mineral oil. Two crystal
forms were observed for PvlArgDC. The first was grown from 18%mented with 0.2% tryptone (w/v), 20 	g/ml chloramphenicol, and
100 	g/ml ampicillin at 37C. Fifty milliliters of starter culture per L to 21% PEG average molecular weight 2000, 10% MPD, 2.5% glyc-
erol, 100 mM N-(2-hydroxyethyl)piperazine-N-(2-ethanesulfonicof expression culture were pelleted by centrifugation, resuspended
in a small amount of M9 minimal media, and then used to inoculate acid) (HEPES; pH 7.0), 0.5 mM -octyl glucoside (OG), 0.5 mM
putrescine, 5 mM ethylenediaminetetraacetic acid (EDTA), and 10the expression cultures. For native enzyme production, expression
cultures were 1 L volumes of overnight culture media. SeMet labeling mM DTT. These crystals belonged to space group P21 with cell
dimensions a 
 56.77 A˚, b 
 92.99 A˚, c 
 87.23 A˚, and  
 94.84.expression cultures consisted of 200 	g/ml of each amino acid
except methionine and 50 	g/ml of SeMet in place of 0.2% tryptone, The second was grown from 22% to 25% polyethylene glycol (PEG)
average molecular weight 1500 (w/w), 10% MPD (v/v), 2.5% glycerol20 	g/ml chloramphenicol, and 100 	g/ml ampicillin. PvlArgDC was
induced by the addition of 0.1 mM isopropylthio--D-galactoside (v/v), 100 mM HEPES (pH 7.0), 0.5 mM OG, 0.5 mM putrescine, 5
mM EDTA, and 10 mM DTT. These crystals were twinned, belongingand 10 ml per L of 10% lactose when the OD550 reached 0.6. Cells
were grown for an additional 6 hr at 37C and then pelleted by to space group P63. Both crystal forms appeared within a few days
to a week when incubated at 22C. Crystals were frozen at 100 Kcentrifugation at 4,000  g for 15 min. Pelleted cells were frozen
until needed. Frozen cells were thawed in 20 ml of 5 mM imidazole, at the synchrotron beamline directly out of the mother liquor or
by plunging into liquid nitrogen for crystal storage prior to data10 mM tris(hydroxymethyl)aminomethane-HCl (Tris-HCl; pH 8.0),
445 mM sodium chloride, and 1 mM -mercaptoethanol (ME) with collection.
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Table 1. Data Collection and Refinement Statistics for the Native and PvlArgDC Models
SeMet PvlArgDC Agmatine Complex S53A Mutant
Data Collection Statistics
Resolution (A˚) 2.11 (2.24–2.11) 1.4 (1.45–1.40) 1.9 (1.97–1.90)
Reflections 368,924 290,225 187,377
Unique 52,185 105,327 61,718
Redundancy 6.9 (6.9) 2.7 (1.1) 3.0 (1.85)
Completeness (%) 100 (100) 59.9 (4.4) 90.2 (51.5)
Rsym (%) 14.2 (38.3) 6.3 (22.9) 6.1 (26.2)
I/ 4.1 (1.6) 11.2 (2.6) 12.4 (5.2)
Refinement Statistics
Resolution (A˚) 2.2 (2.28–2.20) 1.4 (1.45–1.40) 1.9 (1.97–1.90)
Rfactor 0.190 (0.204) 0.192 (0.258) 0.186 (0.233)
Rfree 0.229 (0.250) 0.215 (0.266) 0.221 (0.270)
No. of non-H atoms
Protein 7162 7144 7132
Ligands/MPD 75 148 64
Water 454 736 498
B factors (A˚2 )
Protein 18.8 16.5 25.0
Ligands/MPD 29.3 26.7 44.9
Waters 30.0 29.4 33.4
Rms deviations
Bonds (A˚) 0.006 0.005 0.006
Angles () 1.30 1.27 1.38
Dihedrals () 24.9 24.9 25.0
Ramachandran plot
Most favored regions (%) 89.9 90.4 89.7
Additional allowed regions (%) 10.1 9.4 10.3
Disallowed regions (%) 0.0 0.1 0.0
The numbers in parentheses represent statistics for the highest resolution bin.
X-Ray Diffraction Data Collection modification and automatically identified most of the secondary
structural elements.X-ray intensity data for the SeMet PvlArgDC and the PvlArgDC/
agmatine complex were collected at beamline 8BM at the Advanced These initial traces from RESOLVE were combined with manual
fitting to fit one protomer of the six in the asymmetric unit. Models forPhoton Source (APS) at Argonne National Laboratory. Data for the
S53A mutant and the twinned P63 crystals were collected at the the remaining five protomers were generated using NCS symmetry.
Examination of the map showed that the NCS operators were notCornell High Energy Synchrotron Source (CHESS) beamlines A1 or
F2. Data were collected using an Area Detector Systems Company obeyed for the N-terminal residues of each subunit. While NCS
restraints were imposed on the initial refinement of the model, these(ADSC) Quantum 315 charge-coupled device (CCD) detector at APS
beamline 8BM and using an ADSC Quantum 4 or Quantum 210 restraints were relaxed to allow variation in the N-terminal regions
of the protomers. Model building was done in O [43] and simulatedCCD detector at CHESS. Data were collected using 0.5 oscillations
except for the P63 data, in which case high mosaicity required 0.2 annealing refinement in CNS [40].
The structure of the S53A mutant was determined by molecularoscillations. The SeMet PvlArgDC data were collected at 0.9793 A˚,
corresponding to the peak wavelength of Se absorption. The data replacement using the refined PvlArgDC complex as the starting
model. The pyruvoyl group and surrounding residues were removedfor the inflection and remote wavelengths were not usable because
of significant crystal decay during the measurement of the peak from the model. After initial refinement, composite omit maps clearly
showed the Ser52-Ser53 peptide bond for all six monomers. Thewavelength data. APS SetMet-PvlArgDC data were indexed and
integrated with DPS [32, 33] and MOSFLM (CCP4) [34] and scaled missing residues were built into the electron density and the struc-
ture was refined using simulated annealing as described above.with SCALA (CCP4) [35]. APS PvlArgDC/agmatine data and all
CHESS data were integrated using DENZO [36] and scaled with Final refinement statistics are given in Table 1.
SCALEPACK [36]. Final data processing statistics are given in Table
1. Examination of the intensity distribution for the P63 data sets
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